An atomic-level incorporation mechanism of Zn 2+ in hydroxyapatite (HAp), which is a potential dopant for promoted bone formation, was investigated, based on first-principles total energy calculations and experimental x-ray absorption near edge structure (XANES) analyses. 
Introduction
Hard tissues in bones are composed of inorganic calcium phosphate minerals and organic collagen fibrils, and the inorganic minerals play versatile and important roles such as mechanically supporting human bodies and storing or releasing calcium and other ions into body fluids to maintain homeostasis. Although hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 , HAp) is a representative component of the inorganic part of bone, its chemical composition is generally rather complicated in reality: nonstoichiometric and calcium deficient (Ca/P molar ratio < 1.67) due to vacancies, foreign cations and anions such as sodium, zinc, magnesium, iron and carbonate (CO 3 2- ) ions, which are uptaken from the surrounding body fluids during bone metabolism [1.2] . Foreign ions also control microstructures, crystallinity, and physicochemical properties, such as solubility and osteoconductivity, of HAp minerals. From a viewpoint of osteoporosis prevention, zinc and strontium ions are deliberately doped to promote bone formation and/or to retard bone absorption by their incorporation into HAp minerals [3, 4] . Although the trace elements and dopants in HAp minerals will have individual roles in bone formation or bone remodeling processes, little is known about an incorporation mechanism of the foreign ions into HAp minerals and their local physical and chemical environments at an atomic-scale regime, relevant to biological HAp properties.
Among foreign ions commonly involved in HAp, the present study focuses on Zn 2+ incorporation into HAp, because Zn 2+ is a typical dopant to promote bone formation. 3 However, there are a number of contradictory data on the Zn 2+ incorporation, and the experimental zinc solubility in HAp, previously reported, exhibits a wide variation ranging from a few to 15 mol% [5] [6] [7] . Even the essential solubility of Zn 2+ into
HAp is still ambiguous, and thus it is of scientific importance to understand a detailed mechanism of the zinc incorporation. As the mechanism, it can be simply considered -doped HAp precipitated from aqueous solutions often contain a certain amount of Ca 2+ vacancies, namely the molar ratio of (Ca+Zn)/P < 1.67 [6, 7, 9, 10] . Based on these results, it can be postulated that another mechanism involving Ca 2+ vacancies will work in Zn 2+ incorporation.
Understanding the Zn 2+ incorporation mechanism will become a definite step to explore the detailed Zn 2+ effect on the promoted bone formation. In order to clarify this issue, therefore, the present study attempts to investigate the thermodynamic stability, the incorporation mechanism and the local chemical environment of Zn 2+ in HAp, using first-principles total energy calculations and experimental XANES for model HAp samples. Special attention is paid for a Ca
2+
-vacancy effect on Zn 2+ incorporation.
Methods

Experimental Procedure
Zn
2+
-doped HAp samples were also synthesized by precipitation using 0. -doped HAp was also observed in previous studies [6, 7] .
For the Zn
-doped HAp samples thus obtained, Zn-K XANES was measured at the SPring-8 (Hyogo, Japan) [13] . The XANES data were collected with the fluorescent mode using the highly-sensitive 19-elements Ge solid states detector and the Si (311) 
Computational Procedure
For theoretical analyses on thermodynamic stability of Zn 2+ in HAp, first-principles band-structure calculations were performed based on the projector augmented method, implemented in VASP [14, 15] . The generalized gradient approximation (GGA) proposed by Perdew et al. was used for the exchange-correlation potential [16] . Wave functions were expanded by plane waves up to a cutoff energy of 500 eV, and atoms were allowed to relax until forces on atoms converged to less than 0.05 eV/Å. Brillouin zone sampling was done at the  point for the HAp supercells described below. These computational conditions ensure a good computational accuracy of less than 1.0 meV/atom. At the beginning, HAp supercells containing 352 atoms were generated by doubling the hexagonal unit cell (space group P6 3 /m) in three dimensions, and were used for the present defect calculations [2, 17] . Using such a large supercell assumes the calculations in the dilute limit, which is advantageous to investigate essential dopant solubility in systems with relatively low concentrations.
In order to study the Zn 2+ substitution in Ca-deficient HAp, a Ca 2+ vacancy at Ca-2 (triangular Ca site about the OH -arrangement along the c axis)
charge-compensating two protons (see Fig. 1 (a)) was introduced into the supercell. This vacancy-proton defect complex (charge neutral) can be represented by , according to the Kröger-Vink notation, and was theoretically found to be the energetically most stable defect in HAp [18, 19] . Experimentally, the inclusion of lattice water [7, 20] and the preferential loss of Ca-2 [21] were also pointed out, which also suggests that the Ca-vacancy defect complex is a plausible defect model in Ca-deficient
HAp. The perfect and Ca-deficient HAp supercells were used for calculations of Zn 2+ incorporation in HAp.
Based on total energies of HAp supercells ( ), defect formation energies ( ) were evaluated. If a Zn 2+ is introduced into HAp in some form of a neutral charge state, can be written as were determined from total energies of pure substances, experimental standard ionic formation energies in solution, and the ionic concentrations in the saturated solution [8, 22] . Since the ionic concentrations depend on solution pH, the ionic chemical potentials and subsequent defect formation energies also show the pH dependence.
More detailed descriptions for evaluation of the ionic chemical potentials and defect formation energies can be found elsewhere [8, 22] .
f H  Furthermore, theoretical Zn-K XANES spectra for Zn 2+ -doped HAp were calculated by two kinds of first-principles methods within the GGA, the plane wave based pseudopotential method in the CASTEP code [23, 24] and the full-potential augmented plane wave plus local orbital (APW+lo) method in the WIEN2k code [25] .
The CASTEP calculations basically use ultrasoft pseudopotentials. In order to take account of a core-hole effect in electronic excitation, ultrasoft pseudopotentials designed for excited atoms with a core hole are employed in the CASTEP calculations.
In the present case, the excited pseudopotential for Zn was adopted for an excited Zn atom involved in a HAp supercell. 88-atom HAp supercells (generated by doubling the hexagonal HAp unit cell along the c axis) were used for the spectrum calculations. A plane-wave cut off energy was set to be 400 eV, and Brillouin zone sampling was performed by the 2×2×1 Monkhorst-Pack mesh [26] . In order to make comparison with experiment, photoabsorption cross section (PACS) from matrix elements of electric dipole transition between the core orbital (1s) of Zn and unoccupied ones was calculated.
The PACS thus calculated was broadened by a Gaussian function with full widths at half maximum (FWHM) of 0.5 eV and 1.67 eV, to obtain theoretical spectra. The theoretical transition energy was also calculated by the pseudopotential calculation of the supercell and the all-electron calculation of the isolated atom, as reported elsewhere [27] .
On the other hand, in the WIEN2k calculations, the same computational conditions of the supercell size and k-point sampling were used. The plane wave cutoff of R MT K max (the muffin-tin radius R MT and the maximum reciprocal space vector K max ) was fixed at 3.5 Bohr Ryd 1/2 . In this case, in order to include the core-hole effect, one electron was removed from a core orbital of an atom of interest, and was put at the bottom of the conduction band. Spectral profiles were obtained from the product of the radial part of the transition matrix element and the projected partial density of states for the electric-dipole allowed transition of interest. The total energy difference between the initial and the final state was used as the theoretical transition energy.
It is also noted that theoretical transition energies are generally different from experimental ones. In both kinds of the present spectrum calculations, therefore, Zn-K XANES for ZnO was calculated as a reference, and the transition-energy difference between theory and experiment was used for correction of the calculated spectra for Zn defects in HAp, which corresponds to -39.7 eV for the pseudopotential method (CASTEP) and -42.7 eV for the APW+lo method (WIEN2k).
Results and Discussion
In order to investigate a local environment of Zn 2+ substituting for Ca 2+ in HAp, the experimental Zn-K XANES in comparison with theoretical spectra were displayed in Fig. 2 -vacancy defect complex (see Fig. 1 ). In the former situation, substitutions at Ca-1 (columnar Ca atoms) [2] and at Ca-2 sites were considered, although the Ca-2 site substitution was theoretically found to be more stable [8, 22] .
First of all, there was no unambiguous difference in spectrum features between the theoretical spectra obtained by the two different methods. It can be said that the computed results in this study are essential and are not affected by the difference in theoretical background for the electronic structure calculations. When a comparison between theory and experiment was made, however, the theoretical spectra of the substitution models in 'perfect HAp' provided obviously different spectral features from the experimental one: for example, the peak splitting between peaks A (9662 eV) and B (9665 eV), and the position of peak C (9674 eV) were not reproduced. Additionally, the prepeak at around 9656 eV was not found for the Ca-1 substitution, while the shoulder-like feature after the peak B in the theoretical spectra did not agree with the experimental one. These discrepancies indicate that Zn 2+ incorporation in HAp cannot be understood by a simple substitution for Ca in the perfect lattice.
In contrast, for the substitution in 'Ca deficient HAp,' two kinds of Ca-2 sites neighbouring the Ca vacancy site, which form the triangle around H 2 O (denoted by the arrows in Fig. 1(a) ), were considered. It is noted that the total energies of the two cases were almost the same with each other and thus no site preference was observed within the present computational accuracy. However, it was found that, when Zn 2+ substitutes the Ca-2 site shown in Fig. 1(b) , the Zn-K XANES shows a quite reasonable agreement Ca-2 site considered here (see Fig. 1(a) ) exhibited a similar XANES feature (not shown here) with the one at Ca-2 in perfect HAp.
More detailed analyses on the theoretical spectra showed that the pre-edge peak -doped HAp, whose situation well corresponds to the present argument [7] . It is also noted that substitutional Zn 2+ and the defect complex have an attractive interaction (the calculated association energy of 0.07 eV) and energetically favour the associated structure as displayed in Fig. 1(b) introduction into HAp in the solution-precipitation method was commonly performed in the alkaline solution conditions of around pH =10-11 [6, 7, 10] . Such a trend was quite different from the simple ion exchange of Ca 2+ and Zn 2+ between HAp and solution ( ). In this case, the formation energy of substitutional Zn 2+ was rather high over the entire solution pH range, even compared to the case via the vacancy-filling mechansim (see Fig. 3 ), so that the estimated equilibrium concentration of substitutional Zn 2+ was in an order of ppm. The concentration was far below the experimental data [6, 7] The theoretical spectrum denoted as 'Ca-def HAp' in parentheses corresponds to substitutional Zn 2+ associated the Ca
2+
-vacancy complex, whose atomic structure is depicted in Fig. 1(b) . While the calculated spectra denoted as 'Perfect HAp' in parentheses indicate isolated substitutional Zn 2+ at the Ca-1 and Ca-2 sites of the perfect HAp lattice. The respective computed spectra were drawn by using FWHM of 0.5 eV (thin lines) and 1.67 eV (thick lines), in order to compare them with experiment or to highlight the detailed spectrum features. -vacancy charge-compensated by two protons. By this mechanism, Zn 2+ ions can be much more easily incorporated into HAp in more alkaline conditions.
